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Multidomain scaffold proteins serve as hubs in the
signal transduction network. By physically colocaliz-
ing sequential steps in a transduction pathway, scaf-
folds catalyze and direct incoming signals. Much is
known about binary interactions with individual do-
mains, but it is unknown whether ‘‘scaffolding activ-
ity’’ is predictable from pairwise affinities. Here,
we characterized multivalent binding to PSD-95, a
scaffold protein containing three PDZ domains con-
nected in series by disordered linkers. We used sin-
gle molecule fluorescence to watch soluble PSD-95
recruit diffusing proteins to a surface-attached re-
ceptor cytoplasmic domain. Different ternary com-
plexes showed unique concentration dependence
for scaffolding despite similar pairwise affinity. The
concentration dependence of scaffolding activity
was not predictable based on binary interactions.
PSD-95 did not stabilize specific complexes, but
rather increased the frequency of transient binding
events. Our results suggest that PSD-95 maintains
a loosely connected pleomorphic ensemble rather
than forming a stereospecific complex containing
all components.
INTRODUCTION
The efficiency and specificity of signaling are governed by the
assembly of preformed, multiprotein complexes that can be
rapidly activated by incoming signals (Burack and Shaw,
2000). In the postsynapse of excitatory neurons, components
from the glutamate neurotransmitter-signaling cascade are
brought together by scaffold proteins into a macromolecular
assembly termed the postsynaptic density (PSD) (Sheng and
Hoogenraad, 2007). The scaffold protein PSD-95 forms the first
layer of scaffolding in the PSD by directly interacting with the
cytoplasmic tails of the ionotropic glutamate receptors (Niet-
hammer et al., 1996).
PSD-95 contains three PDZ domains connected in series by
flexible polypeptide linkers (McCann et al., 2012). PDZ domains
are the most common protein interaction domain in the human1458 Structure 22, 1458–1466, October 7, 2014 ª2014 Elsevier Ltd Agenome and frequently occur in tandem. PDZ domains canoni-
cally bind C-terminal peptide sequences, although some PDZ
domains bind noncanonical internal peptide motifs (Sheng and
Sala, 2001). Although crucial for organizing signal transduction,
PDZ domains are known to have broad specificity for related
peptide motifs. The structure and peptide-binding activity of in-
dividual PDZ domains have been characterized extensively.
Less is known about how multiple proteins co-occupy tandem
domains. In many cases, the binding components are larger
than the PDZ domains themselves. In PSD-95, the short (six-
residue) linker between the first two domains places bound com-
ponents in close proximity where higher order interactions
should occur.Whether these interactions are positive or negative
is unknown.
The excitatory synapse contains numerous demonstrated
binding partners for PSD-95. This has complicated attempts
to define the exact contributions of PSD-95 to glutamatergic
neurotransmission. Observational studies in biological systems
have been unable to unravel the competing roles that PSD-95
plays in forming specific complexes. This makes reconstitution
an important approach to examine specificity (Liu and Fletcher,
2009). Determining how scaffold proteins function requires
information about the rates and affinities of all the protein
interactions within the multiprotein complex (Suderman and
Deeds, 2013). It is generally assumed that a single PSD-95
molecule binds multiple ligands simultaneously through its
five-protein interaction domains. Such higher order complexes
have never been directly observed because of the transience of
PDZ interactions and the difficulty of characterizing heteroge-
neous species formed in a mixture of proteins. In particular,
the probability of a free component binding to an existing
scaffold/component complex, as opposed to a free scaffold
protein, is reduced as scaffold concentrations increase. Thus,
formation of the multiprotein complex shows complex concen-
tration dependence. This combinatorial inhibition (Levchenko
et al., 2000), analogous to the prozone effect in antibody inter-
actions (Neisser, 1901), is an important hallmark of scaffold
proteins.
Here we reconstituted PSD-95 scaffolding and used single-
molecule microscopy to follow the formation of individual protein
complexes in a heterogeneous mixture. We attached receptor
cytoplasmic domains to a surface to observe the recruitment
of freely diffusing signaling components by PSD-95 (i.e., scaf-
folding activity). We characterized three distinct complexes
that have been described from functional studies. (1) Thell rights reserved
Figure 1. Single Molecule Detection of Receptor-Scaffold Interac-
tions
(A) Schematic of our smFRET binding assay. The acceptor-labeled cyto-
plasmic tail of GluN2B is surface attached, via biotin, to a passivated micro-
scope slide. Donor-labeled PSD-95 is diffusing in solution.
(B) Representative data show individual binding events between GluN2B and
PSD-95. Donor intensity is magenta. Acceptor intensity is cyan. Idealized data
are from QuB (black). The jumps in the acceptor intensity define the bound
state, and the gaps between each event define the unbound states.
(C) Dissociation rates (koff).
(D) Association rates (kon) for the interaction between PSD-95 and GluN2B
constructs. Data are plotted as mean ± SEM.
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Reconstitution of PSD-95 Scaffolding ActivityNMDA-sensitive ionotropic glutamate receptors (NMDARs) bind
PSD-95 through canonical interactions of GluN2 subunits with
PDZ1 and PDZ2 (Kornau et al., 1995). Thus, PSD-95 could
interact with multiple subunits within a single tetrameric NMDA
receptor. (2) Neuronal nitric oxide synthase (nNOS) also binds
to PDZ2 of PSD-95 (Sattler et al., 1999). This noncanonical inter-
action involves an internal peptide motif in the nNOS PDZ
domain (Hillier et al., 1999). PSD-95 recruitment of nNOS to
NMDAR exacerbates ischemic brain injury through glutamate
excitotoxicity (Sattler et al., 1999). (3) The postsynaptic adhesion
protein Neuroligin 1 (NL1) binds to PSD-95 though a canonical
interaction with PDZ3 (Irie et al., 1997). This complex localizes
the NMDA receptor to NL1, which promotes excitatory synapse
formation (Song et al., 1999).
Our reconstitution showed that PSD-95 increased the fre-
quency of binding events instead of increasing the binding
energy of specific protein complexes. Rather than a molecular
machine, our results suggest that PSD-95 produces a dynam-
ically associated ‘‘pleomorphic ensemble’’ (Mayer et al., 2009).
Despite similar binary affinities for individual components,
each ternary complex showed maximal binding at an
optimal scaffold concentration with varying degrees of combi-
natorial inhibition at high PSD-95 concentration. An optimal
scaffold concentration may exist for each complex. Fine
tuning the concentration of scaffolds could change the local
signaling properties of individual synapses by favoring different
pathways.Structure 22, 1458–RESULTS
Binary Interactions between GluN2B and PSD-95
The second intracellular domain (CTD2) of GluN2B (Hillier et al.,
1999) was expressed with the internal palmitoylation motif
replaced by a biotinylation sequence. This allows directional
attachment of GluN2B CTD2 to a passivated surface with the
C terminus projected into solution. Surrounded by proteins and
lipids, our setup mimics the geometry of the synapse for the
recruitment of soluble proteins (Figure 1A). We used single-
molecule, fluorescence resonance energy transfer (smFRET) to
measure binding between the surface-attachedGluN2B (labeled
with a FRET acceptor) and soluble full-length PSD-95 (labeled
with a FRET donor). Laser excitation at 635 nm identified the
acceptor-labeled GluN2B molecules, which were monitored for
FRET events during 532 nm excitation (Figure 1B).
Individual bursts of acceptor emission during the 532 nm exci-
tation corresponded to protein binding events (Figure 1B).
Acceptor intensity traces showed two distinct states that were
analyzed using hidden Markov modeling to extract the underly-
ing dwell times in the bound and unbound state (Qin and Li,
2004). This analysis for PSD-95 binding to GluN2B gave kinetic
rate constants of 3.7 ± 0.3 s1 for koff (Figure 1C) and 3.2 ±
0.1 mM1 s1 for kon (Figure 1D). Our rates correspond to an equi-
librium dissociation constant, KD, of 1.1 ± 0.2 mM. Ensemble
measurements of fluorescence polarization utilizing the same
protein constructs gave a KD of 0.8 ± 0.5 mM (Figure S1 available
online). Thus, surface attachment does not significantly alter the
binding affinity between GluN2B and PSD-95.
Our mean bound time is only three camera frames. Simulated
data (Figure S2A), based on these rate constants, show that we
are failing to detect the shortest binding events (Figure S2B).
However, we are capturing the mean. Because we lack the full
distribution of bound times, koff could only be obtained from a
monoexponential fit to the data (Figure S2C). The agreement of
our calculated KD with ensemble values gives confidence in
our estimate of koff, but micromolar interactions are at the limit
of EMCCD detection. A logarithmic plot of the dwell time distri-
bution in the unbound state waswell fit by a single Gaussian (Fig-
ure S2D). Missed events would affect the shape of the unbound
time distribution but do not skew the mean (Figure S2E). Thus,
our kon is well determined.
We tested alternate labeling sites to ensure that our selected
labeling sites do not affect the binding kinetics (Figure S3A).
Alternate labeling sites in GluN2B and PSD-95 gave the same
rate constants (Figure S3B). Moving the GluN2B labeling site to
the N terminus decreased the FRET efficiency measured during
binding events without affecting the rate constants (Figures
S3C–S3E).
To see if the presence of noninteracting domains altered the
rate of binary complex formation, we compared full-length
PSD-95 to a series of truncation constructs. Previous studies
have looked at the specificity of GluN2B for the different PDZ do-
mains (Bach et al., 2008; Niethammer et al., 1996), but binding
kinetics have not been reported for full-length PSD-95. All our
truncation constructs showed similar dissociation rates (Fig-
ure 1C). Differences between PSD-95 constructs appeared in
the rates of association with GluN2B (Figure 1D). GluN2B bound
PDZ2 more frequently than PDZ1 (kon = 1.2 ± 0.1 mM
1 s1 and1466, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1459
Figure 2. Binding Kinetics of Canonical and
Noncanonical Ligands
(A) List of component proteins and their corre-
sponding PDZ recognition motifs. GluN2B and
NL1 have C-terminal motifs, whereas nNOS has an
internal noncanonical PDZ recognition sequence.
(B) Dissociation rates (koff).
(C) Association rates (kon) for the interaction be-
tween PSD-95 and the different ligands.
(D–F) Data are plotted as mean ± SEM. Repre-
sentative acceptor intensity trace of single-mole-
cule binding events between full-length PSD-95.
(D) Surface-immobilized GluN2B. (E) Surface-im-
mobilized NL1. (F) Soluble nNOS.
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Reconstitution of PSD-95 Scaffolding Activity2.4 ± 0.3 mM1 s1, respectively). The PDZ1-2 tandem bound
50% more frequently than either single domain (kon of 3.6 ±
0.2 mM1 s1), with an association rate almost identical to full-
length PSD-95.
GluN2B has only been reported to bind to the first two PDZ
domains in PSD-95 (Niethammer et al., 1996), but we observed
rare binding to the truncated PDZ3 domain (residues 303–403)
as well. The frequency of PDZ3 binding events (per GluN2B
molecule) was 2% of that recorded with full-length PSD-95 at
the same concentration (see Table S1). Dwell time analysis
measured a kon of 0.2 ± 0.1 mM
1 s1 for GluN2B binding to
PDZ3, which is 5- to 10-fold lower than binding to either PDZ1
or PDZ2. Our measured koff for PDZ3 was the same as PDZ1
and PDZ2. As noted above, we are at the limit of our detection
and are not sensitive to shorter bound times. Simulated data
show that single molecule detection can still capture a subset
of events even if themean bound time is below the detection limit
(Figure S2B). Based on the rarity of binding events, the true koff is
faster than our calculated value. The similarity of the rate con-
stants for the truncated PDZ1-PDZ2 tandem and full-length
PSD-95 suggest that PDZ3 is not significantly contributing to
the binary interaction with GluN2B. These results show that
multiple binding sites in the full-length protein do not impart
enhanced kinetic stability compared with individual domains
and that the presence of noninteracting domains does not alter
the rate of complex assembly.
Comparing Canonical and Noncanonical PDZ
Interactions
We next compared the binding kinetics of PSD-95 for signaling
components that bind to the PDZ domains through canonical
and noncanonical interactions. NL1 binds to PDZ3 of PSD-95
via a canonical C-terminal PDZ interacting motif (Figure 2A)
(Irie et al., 1997). The C-terminal cytoplasmic domain of NL1 (res-
idues 720–843) was surface attached via an N-terminal biotin-
streptavidin linkage as in experiments with GluN2B. NL1 showed
rapid binding and unbinding to PSD-95 (Figures 2E). The koff and
kon were 2.5 ± 0.1 s
1 (Figure 2B) and 3.3 ± 0.7 s1 mM1 (Fig-
ure 2C) for binding to full-length PSD-95. These rate constants
are similar to those measured with GluN2B. The calculated KD
for NL1 was 1.3 ± 0.1 mM, which is in agreement with our KD of
1.2 ± 0.4 mM from ensemble measurements (Figure S1) and pub-
lished surface plasmon resonance measurements (Irie et al.,1460 Structure 22, 1458–1466, October 7, 2014 ª2014 Elsevier Ltd A1997). PDZ3 recognizes a different peptide motif than PDZ1
and PDZ2, but displays similar kinetics.
The N-terminal PDZ domain (residues 1–130) of nNOS binds to
PDZ2 through a noncanonical internal motif (Brenman et al.,
1996). Binding requires the formation of a b hairpin that mimics
canonical PDZ ligands (Hillier et al., 1999). The nNOS PDZ
domain is a soluble protein while PSD-95 can be palmitoylated
in vivo leading to membrane attachment. To recapitulate this,
we attached an N-terminal biotinylation sequence immediately
adjacent to the palmitoylation site. This was not tolerated in
full-length PSD-95, but we were able to produce a truncated
construct, including the N terminus and the first two PDZ do-
mains, which contain the binding sites for both GluN2B and
nNOS. To examine whether binding kinetics change when
PSD-95 was surface attached, we measured binding of soluble
GluN2B CTD2 to surface-attached PDZ1-2. Neither kon nor koff
differed from measurements with the surface attachment
reversed (Figures 2B and 2C). The measured KD of 1.1 ±
0.2 mM is identical to surface-attached GluN2B. Thus, the exper-
imental geometry does not alter binding kinetics.
The kinetics for nNOS binding to the surface-attached PDZ
tandem were slower than seen for the canonical interactions
(Figure 2F). Both koff (1.1 ± 0.1 s
1) and kon (1.1 ±
0.1 mM1 s1) are 3-fold slower (Figures 2B and 2C). The similar
magnitude reduction for both rate constants keeps the KD (1.1 ±
0.1 mM) approximately equal to canonical ligands. This is in
agreement with our ensemble KD of 1.4 ± 0.6 mM (Figure S1)
and stopped-flow studies of nNOS binding to PDZ2 in solu-
tion (Karlsson et al., 2012). Noncanonical PDZ interactions pro-
vide more favorable free energy than canonical binding, but
such complexes form less frequently. Despite different underly-
ing kinetics, our ensemble KD values for all three proteins are
similar.
Competition for the PDZ Domains of PSD-95
The crowded environment of the synapse contains numerous
competitors for PSD-95 binding, both PDZ-binding components
as well as other PDZ-containing scaffold proteins. If either
GluN2B or PSD-95 is sequestered into separate signaling
complexes, the rate of their direct interaction will decrease. We
examined competition for binding between surface-attached
GluN2B and a fixed concentration of donor-labeled PSD-95 in
solution while adding increasing concentrations of unlabeledll rights reserved
Figure 3. Competition for Binding to Sur-
face-Attached NMDA Receptor Subunit
GluN2B
(A) Schematic of our single molecule competition
assay. Depicted is the experiment using the
truncated PDZ2 domain. Red indicates the
fixed concentration of donor labeled protein.
Grey represents the variable concentration of un-
labeled protein. The assay was adapted for each
‘‘competitor.’’
(B) Association rates (kon) for the interaction
between surface-attached GluN2B and donor-
labeled PDZ2 with increasing concentrations of
unlabeled PDZ2 (black), GluN2B (red), and nNOS (blue). Dashed lines denote values calculated based on pairwise affinities. All calculated curves overlap because
the KD values are similar.
(C) Association rates (kon) for the interaction between surface-attached GluN2B and donor-labeled PDZ1-2 tandem with increasing concentrations of unlabeled
PDZ1-2 (black), GluN2B (red), and nNOS (blue). Dashed lines denote values calculated based on pairwise affinities. Data are plotted as mean ± SEM.
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Reconstitution of PSD-95 Scaffolding Activitycompetitors (Figure 3A). For comparison to our empirical
measurements, we used a minimalist mathematical model
(described in the Supplemental Information) to predict the extent
of complex formation with PSD-95 based on the pairwise
affinities with individual domains (Yang and Hlavacek, 2011).
Analytical solutions of the model were used to estimate the
concentration dependence of competition based on our mea-
sured pairwise dissociation constants (dashed lines, Figures
3B and 3C).
We started with the simplest case: competition for a single
PDZ domain. We compared self-competition by unlabeled
PDZ2 to competition by unlabeled GluN2B and nNOS, which
both bind PDZ2. None of the competitors affected koff (Table
S1). For self-competition with unlabeled PDZ2, we observed
a concentration-dependent decrease in kon, which was in
general agreement with the values from our mathematical
model (Figure 3B, black). This gave an IC50 of 0.9 ± 0.3 mM,
which is close to the pairwise KD. Both soluble GluN2B
and nNOS were also effective at competing for labeled PDZ2
(Figure 3B, red and blue, respectively). The IC50 value for
nNOS was 1.5 ± 0.5 mM and 0.9 ± 0.4 mM for GluN2B. Thus,
an excess of soluble ligand or scaffolds would block recruit-
ment of a single PDZ domain to NMDA receptors. Both
canonical and noncanonical PDZ binding proteins were equally
effective.
Next, we examined competition for the two-domain PDZ1-2
tandem, which was donor labeled at the same position in
PDZ2. As above, binding between a fixed concentration of
PDZ1-2 and surface-attached GluN2B was examined with
increasing concentrations of unlabeled competitors. As with
PDZ2, the competitors had no effect on koff (Table S1). Self-
competition by unlabeled PDZ1-2 resulted in a concentration-
dependent decrease in kon (Figure 3C, black) with an IC50 value
of 0.8 ± 0.3 mM, which is in agreement with the pairwise KD.
Competition by soluble GluN2B is more complex because
both PDZ domains must be occupied to prevent binding to
surface-attached GluN2B. In addition, PDZ2 has higher affinity,
so the two binding sites are not equivalent. We incorporated
both of these factors into our model, which predicted that
GluN2B should be less effective at blocking surface recruitment
of a two-domain construct with an IC50 value of 2.1 mM. Soluble
GluN2B did inhibit the interaction between surface-attached
GluN2B and soluble PSD-95 with an IC50 value of 3.2 ±Structure 22, 1458–0.6 mM, which is close to the predicted value. The mathematical
model assumes that pairwise affinities to individual PDZ do-
mains are preserved in full-length PSD-95.
Unexpectedly, the noncanonical binding protein nNOS was
ineffective at competing with surface-attached GluN2B for bind-
ing to PSD-95 (Figure 3C, blue). nNOS only binds to PDZ2 and
therefore cannot block the weaker interaction between PDZ1
and GluN2B. Thus, our model predicts that nNOS should be
less effective with an IC50 value of 3.1 mM. However, our
measured IC50 value was 17.7 ± 6.2 mM. At 10 mM nNOS, the
apparent KD for GluN2B binding to PSD-95 was only increased
to 1.4 mM. Our data show that nNOS is outcompeted by GluN2B
for binding to PDZ1-2 despite a similar IC50 for PDZ2 (Figure 3B).
Thus, the pairwise affinities are not always sufficient to predict
the rates of ternary complex formation.
Ternary-Complex Specificity of Combinatorial Inhibition
in PSD-95
PSD-95 is involved in several discreet multiprotein complexes
with GluN2B. To follow the formation of different complexes,
we measured smFRET between surface-attached, acceptor-
labeled GluN2B and a fixed concentration of donor-labeled
component in solution (soluble GluN2B, soluble NL1, or
nNOS). We compared the efficacy of PSD-95 in scaffolding
these different complexes by adding increasing concentrations
of unlabeled, full-length PSD-95. As with the competition
studies, we used our mathematical model to predict ternary
complex formation based on the pairwise affinities.
Unexpectedly, even in the absence of PSD-95, all three
component proteins (NL1, nNOS, and soluble GluN2B) showed
infrequent interactions with the surface-attached GluN2B (Fig-
ures 4A–4C). Despite the rarity of these binding events, we accu-
mulated sufficient observations to estimate kon values of 0.4 ±
0.1 mM1s1 for GluN2B, 0.3 ± 0.1 mM1s1 for NL1, and 0.4 ±
0.1 mM1s1 for nNOS. These low kon values are similar to those
measured for the association of GluN2B and PDZ3 (Figure 1D).
For comparison, we detected no binding events between PSD-
95 constructs and the surface-attached PDZ1-2 tandem.
To validate the observation of weak pairwise interactions
between components, we used ensemble fluorescence polari-
zation measurements. Labeled GluN2B and NL1 showed a
concentration-dependent increase in polarization in the pres-
ence of an excess of unlabeled GluN2B (Figure S4). The1466, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1461
Figure 4. Scaffold Activity of PSD-95: Single Molecule Rate
Constants
(A–C) Association rates (kon) for PSD-95-mediated ternary complex formation
between surface-attached GluN2B and the soluble (A) GluN2B (solid circles),
(B) NL1 (gray squares), and (C) nNOS (white diamonds). Binding kinetics were
measured in the presence of an increasing concentration of unlabeled, full-
length PSD-95. Dashed lines denote values calculated based on pairwise
affinities.
(D) The dependence of kon on the PSD-95 concentration for all three ternary
complexes is overlaid for comparison.
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Reconstitution of PSD-95 Scaffolding Activitymagnitude of polarization changes was small, which is expected
given the similar molecular weight of the proteins, but the change
was statistically significant. We could not recover the entire
binding curve, but the KD for these interactions must be greater
than 104 M. Analytical size exclusion detected no higher order
species, as expected for such weak interactions.
In the presence of unlabeled PSD-95 we detected binding
events with a koff equivalent to that observed for the binary inter-
action betweenGluN2B and PSD-95 (Table S1). We observed no
significant change in koff at the different PSD-95 concentrations
tested. For the ternary complex involving recruitment of soluble
GluN2B to surface-attached GluN2B, we observed an increase
in kon at very low PSD-95 concentrations, below the pairwise
KD (Figure 4A). Maximal binding occurred at only 0.5 mM PSD-
95, which is 50% below the predicted concentration for
maximum efficiency of 1.2 mM PSD-95. The maximal rate of
complex formation induced by PSD-95 was a kon of 5.2 ±
0.3 mM1s1, which is faster than the pairwise association be-
tween GluN2B and PSD-95. Thus, PSD-95 colocalized proteins
by very rapid binding and unbinding without formation of a stable
complex.
A similar effect was observed for NL1, but the maximum kon
occurred at an even lower PSD-95 concentration of 0.1 mM (Fig-
ure 4B), an order of magnitude more effective than predicted
(1.2 mM PSD-95). Although NL1 scaffolding required less PSD-95
than GluN2B, the maximal rate of complex formation was slightly
less with a kon of 3.3 ± 0.2 mM
1s1. However, this maximum
rate is still greater than that observed for pairwise interaction.1462 Structure 22, 1458–1466, October 7, 2014 ª2014 Elsevier Ltd AIn contrast, PSD-95 was much less effective at recruiting
nNOS to surface-attached GluN2B (Figure 4C). The rate at which
nNOS forms a ternary complex with GluN2B and PSD-95 is
much slower than expected. The maximal kon was only 0.7 ±
0.1 mM1s1, which is a quarter of the predicted enhancement
and only 2-fold higher than the rate of direct interaction between
nNOS and GluN2B. However, the maximum effect on koff
occurred at only 0.01 mM PSD-95, which is an order of magni-
tude below the predicted maximum at 1.1 mM PSD-95. Thus,
nNOS recruitment is the most sensitive to low concentrations
of PSD-95 but also shows the highest degree of combinatorial in-
hibition at high PSD-95 concentration. These results show that
each component displays unique concentration dependence
for PSD-95 combinatorial inhibition (Figure 4D).
To provide an alternate measure of PSD-95 ‘‘scaffolding activ-
ity,’’ we adapted the bead halo assay (Patel and Rexach, 2008) to
measure ternary complex formation. We attached unlabeled,
biotinylated GluN2B to streptavidin agarose beads, which re-
sults in a higher surface density of surface attached proteins
than the optically resolved single molecules. Complex formation
on the bead surface results in a halo of fluorescence emission
around the bead (Figure 5A). Thus, wemeasured the recruitment
of fluorescently labeled proteins to optically resolved beads,
which provides an ensemble measurement of binding rather
than kinetic rate constants. To validate our adapted bead halo
assay, we measured the binary interaction between PSD-95
and GluN2B. Increasing concentrations of fluorescently labeled
PSD-95 increased the halo intensity (Figure 5A). Fitting the
mean intensity values resulted in a dissociation constant of
0.9 ± 0.5 mM (Figure 5B), which is close to our values from single
molecule kinetics and ensemble fluorescence polarization.
To follow ternary complex formation, wemeasured the halo in-
tensity from a fixed concentration of labeled components with
increasing concentrations of unlabeled, full-length PSD-95.
Thus, scaffolding activity produces the bead halo. Both GluN2B
(black circles) and NL1 (gray squares) show robust scaffolding
by PSD-95, while nNOS (white diamonds) shows little complex
formation (Figure 5C). In this regard, we obtained good agree-
ment between ensemble measurements and single molecule
rate constants. This confirms that each PDZ ligand responds
differently to changing scaffold concentration. However, in
contrast to the single molecule kinetics, maximal scaffolding of
NL1 and GluN2B occurred at similar PSD-95 concentration. To
test the robustness of scaffolding interactions, we performed
the bead halo scaffolding assay with 10 mg/ml unlabeled bovine
serum albumin in solution. Such crowded conditions should
eliminate any nonspecific interactions. We observed no changes
in the extent or concentration dependence of PSD-95 scaf-
folding for either GluN2B or NL1 (Figure S5).
Stochastic Simulations of Scaffolding Activity
Our single-molecule scaffolding data were poorly described by
our simple mathematical model, which assumes that the binding
affinities of pairwise interactions are unchanged in the multipro-
tein complex. One explanation for our results would be interdo-
main allostery where binding to one PDZ domain would change
the affinity at other domains. Another possibility is that the weak
interactions we observed between intrinsically disordered pro-
teins contribute to the formation of higher order complexes. Toll rights reserved
Figure 5. Scaffold Activity of PSD-95:
Ensemble Bead Halo
(A) Representative images showing the increase
in fluorescence intensity (i.e., halo) surrounding
GluN2B-coated beads in the presence of in-
creasing concentrations of fluorescently labeled
PSD-95. The PSD-95 concentration is indicated
above each panel.
(B) Binding isotherm for the binary interaction
between PSD-95 and GluN2B. The average in-
tensity of the bead halo (gray circles) is plotted
against the concentration of fluorescently labeled
PSD-95.
(C) Ternary complex formation. Average halo in-
tensity for GluN2B-coated beads in the presence
of 100 nM of fluorescently labeled components
with increasing concentrations of unlabeled PSD-
95. GluN2B, solid circles; NL1, gray squares;
nNOS, white diamonds. Data are plotted as
mean ± SEM.
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Reconstitution of PSD-95 Scaffolding Activityexamine which of these two possibilities best fits our data, we
used rule-based modeling, implemented in the Kappa modeling
language (Danos et al., 2008) and executed using the open-
source simulator KaSim, to generate stochastic simulations of
complex formation (Figure S2A). Our observations are at the
single molecule level, so we simulated a single surface-attached
GluN2B molecule. This allowed us to examine binding at each
time step and analyze the resultant kinetics. The output from
KaSim was analyzed in QuB, as with empirical data, to extract
the apparent kinetic rate constants for ternary complex forma-
tion. Replicate simulations were run across a range of PSD-95
concentrations. For a simple binding model, we obtained good
agreement between our mathematical formulation and stochas-
tic simulations (Figure 6B).
We examined negative allostery mediated by a 2-fold
decrease in kon at PDZ2 when GluN2B binds to PDZ1 (Figure 6A,
k3). As expected, this dramatically reduced the extent of com-
plex formation at all scaffold concentrations (Figure 6B). Such
amechanism, either allostery or steric repulsion, is a likely expla-
nation for the ineffective binding of nNOS. We tested positive
allostery mediated through either a 5-fold increase in k3 or a
5-fold decrease in k3. In both cases, positive allostery in-
creased the maximal rate of complex formation with a greater
effect through kon. However, positive allostery did not shift the
concentration for maximal activity and increased the width of
the combinatorial inhibition curve to higher PSD-95 concentra-
tions. In our data, combinatorial inhibition occurred over a
narrow concentration range. Typically, inhibition is described
with the width at half maximum on a log scale and occurs over
orders of magnitude change in the scaffold concentration (Ober-
dorf and Kortemme, 2009). Thus, our observed inhibition is not
explained by simple allostery.
The components we studied showed weak pairwise interac-
tions. The enforced proximity arising from specific PDZ interac-
tions could facilitate such dimerization. In effect, this would result
in formation of a bivalent ligand, which has been shown to have
much higher affinity for tandem PDZ domains (Paduch et al.,Structure 22, 1458–2007). We implemented this scenario in simulations by assuming
that the dimeric ligand binds and unbinds as a single unit with the
binding kinetics determined by Bach et al. (2012) for the PDZ1-2
tandem interacting with a synthetic bivalent peptide (Figure 6A,
k7/8, k7/8). When unbound, this dimeric species could then
dissociate back to monomers with k9/10 set to our measured
koff (Table S1). This model gives rise to steep concentration
dependence for combinatorial inhibition, akin to what we
measured (Figure 6C). We adjusted the kinetics of bivalent ligand
formation by adding positive allostery to this model, through a
2-fold increase in k3 while slowing the dissociation back to
monomers through a 5-fold decrease in k9/10. These conditions
shifted the peak activity to lower PSD-95 concentrations in
agreement with our data. The concentration dependence for in-
hibition is still wider than our measured value but maintains a
steep decline compared to allostery alone (Figure 6D). That
weak higher order interactions can play a significant role in scaf-
folding was not predicted. Such interactions are at the limit of
detection for most biochemical methods. Understanding their
contribution to multiprotein complex formation is a necessary
component to predict scaffolding activity accurately.
DISCUSSION
Like many scaffold proteins, PSD-95 is modular, containing
canonical protein interaction domains arranged in series (Paw-
son, 2003). PDZ domains have been extensively studied as iso-
lated units. As the binding properties of each domain are known,
we were able to make predictions of the theoretical scaffolding
activity. The question remained as to whether full-length scaffold
proteins can be explained by the combined properties of individ-
ual domains. To address this issue, we reconstituted the scaf-
folding activity of PSD-95 in the recruitment of soluble proteins
to the distal cytoplasmic domain from the NMDA receptor sub-
unit GluN2B.
It is important to note that PSD-95 is enzymatically palmitoy-
lated in neurons, which leads to membrane attachment (Craven1466, October 7, 2014 ª2014 Elsevier Ltd All rights reserved 1463
Figure 6. Stochastic Simulation of Scaffold-Mediated Complex
Formation
Simulations of protein complex formation using the Kappa programming
language were used to examine our kinetic model for GluN2B scaffolding
activity at a single receptor molecule. Rate constants are taken from QuB
analysis of the simulated binding trajectories.
(A) Our reaction scheme used for the modeling of scaffold-mediated complex
formation. Only the complex that contains scaffold, component, and receptor
(SCR) would give rise to the fluorescence resonance energy transfer that we
observe. The reactions within the dotted box indicate the pathways by which a
bivalent ligand could be formed when two PDZ ligands are simultaneously
bound to a single scaffold molecule. The positive and negative signs indicate
the reaction pathways that were modified when we screened the effects of
allostery and the formation of bivalent ligands.
(B) Our single-molecule data (black) are compared with our mathematical
modeling (gray dashed lines) and a stochastic simulation in which each binding
event occurs independently, at the rates measured for the binary interaction
between GluN2B and PSD-95 (orange). Positive allostery was implemented
through a 5-fold increase in k3/4 (red) or a 5-fold decrease in k3/4 (blue).
Negative allostery was implemented as a 2-fold decrease in k3/4 (green).
(C) PDZ ligands bound to PSD-95 form a bivalent ligand with enhanced
affinity according to (Bach et al., 2012) with k9/10 set to our measured koff for
GluN2B binding GluN2B (purple). A 5-fold increase in k9/10 combined with a
2-fold increase in k3/4 (pink). The resultant curve most closely resembles our
measured data.
(D) A subset of the curves from (A) and (B) are normalized to their maximum kon
values to illustrate the extent of combinatorial inhibition at high PSD-95 con-
centrations. In addition, the normalized intensity from our bead halo assay is
shown (black dashed lines).
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Reconstitution of PSD-95 Scaffolding Activityet al., 1999). The extent of PSD-95 palmitoylation is not known,
nor is it known whether PSD-95 is palmitoylated before or after
binding to the NMDA receptor. We used soluble PSD-95 in our
experiments. The use of soluble PSD-95 shifted the focus exclu-
sively to the underlying protein interactions. We did examine1464 Structure 22, 1458–1466, October 7, 2014 ª2014 Elsevier Ltd Asurface tethering of PSD-95 by replacing palmitate with biotin,
which had no effect on pairwise affinity.
For all three PDZ-binding proteins, we found close agreement
between the KD calculated from ensemble polarization experi-
ments (Figure S1), single-molecule dwell times (Figures 2B and
2C) and our adapted bead halo assay (Figure 5C). Our calculated
KD values also agree with literature reports for peptide binding to
isolated PDZ domains (Chi et al., 2010). This includes our obser-
vation that PDZ1 has a lower kon than PDZ2 for binding to
GluN2B (Bach et al., 2008), and the observation of different
binding kinetics for canonical and noncanonical interactions
(Karlsson et al., 2012). Our reconstitution of PSD-95 scaffolding
displayed the expected properties for the pairwise interactions,
which validates the use of this system to study higher order com-
plex formation.
At a low concentration, PSD-95 increased the rate of associa-
tion by recruiting freely diffusing proteins to the surface. Above
an optimal concentration, each component becomes bound to
its own scaffold, which prevents them from co-occupying the
same scaffold. Such combinatorial inhibition is a hallmark ofmul-
tiprotein complex formation (Burack and Shaw, 2000). For com-
ponents forming canonical PDZ interactions (NL1 and GluN2B),
we found good agreement between empirical data and our
simple model regarding the degree of combinatorial inhibition
at high concentration. However, for both of these complexes,
scaffold-mediated complex formation initiated at a lower PSD-
95 concentration than predicted, below the KD for PDZ binding.
We also observed a larger than expected increase in the rate of
association. Thus, the magnitude of the scaffolding effect is not
predicted by pairwise affinity alone.
Both competition and scaffolding with the nNOS PDZ domain,
which forms noncanonical interactions, were not well predicted
by the pairwise affinities. Even at concentrations an order of
magnitude above the KD, nNOSwas poorly competitive for bind-
ing to the PDZ tandem (Figure 3C). We also observed less
frequent formation of the ternary complex than either GluN2B
or NL1 (Figure 4). The slower binding kinetics for nNOS could
allow GluN2B to outcompete nNOS for PSD-95, but nNOS was
an effective competitor between GluN2B and the truncated
PDZ2 domain (Figure 3B). Thus, for binary interactions, GluN2B
cannot displace nNOS. The low degree of scaffolding by the
nNOS PDZ domain seems paradoxical given the functional
importance of PSD-95 in colocalization of these two proteins
(Sattler et al., 1999). Either full-length nNOS binds more robustly
in vivo or these modest scaffolding enhancements are sufficient
for the physiological effects.
Each protein complex that we reconstituted displayed a
unique scaffolding curve. Thus, each signaling pathway could
have a different response to changing scaffold concentration.
This has clear implications for the interpretation of studies
manipulating scaffold protein concentration in cells. Unfortu-
nately, knowledge of the pairwise affinities between components
and individual domains was insufficient to predict scaffolding
activity in a multidomain protein. Models incorporating allostery
or higher order interactions did reproduce aspects of our ob-
served concentration dependence (Figure 6). However, we
were unable to fit our data with a single parameter. This failure
points to a more complex interplay of factors in determining
the efficiency of multiprotein complex formation.ll rights reserved
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Reconstitution of PSD-95 Scaffolding ActivitySimulations showed that interdomain allostery would alter the
concentration dependence of scaffolding. However, published
findings using mutagenesis suggest that PDZ1 and PDZ2 retain
their individual properties in the context of PSD-95 (Chi et al.,
2010). In addition, allostery shifted the entire curve higher or
lower rather than changing its shape, which is what we observed.
This leaves higher order interactions, which we demonstrated
between components, as the remaining explanation. In this light,
modeling scaffold activity requires knowledge of all potential
interactions within the complex.
In the case of nNOS, higher order interactions are negative
likely arising from a steric clash. Our GluN2B construct is
24.2 kDa with a radius of hydration of 3.2 nm (Choi et al., 2011),
whereas the two-domain PDZ tandem is only 20.3 kDa with a
radius of 2.5 nm (McCann et al., 2012). The large size of GluN2B
may sterically displace nNOS when bound to the PDZ tandem or
full-length PSD-95. Noncanonical binding requires formation of
a b finger structure, which may be sensitive to steric clashes.
In contrast, canonical binding only involves the terminal four
residues in an intrinsically disordered protein, which permits a
variable orientation for the remainder of the polypeptide. For
the intrinsically disordered components, the higher order inter-
actions appear to be positive. Both GluN2B and NL are polar
but with low net charge, which drives them to a collapsed glob-
ular conformation (Choi et al., 2011; Mao et al., 2010). Such
polypeptide interactions have little stereospecificity and would
be the same for intramolecular and intermolecular interactions.
Our model suggested that PSD-95 could catalyze the formation
of dimers between bound components. Thus, PSD-95 may
assemble signaling complexes that persist even once they
have dissociated from the scaffold. Such dimers would have
higher affinity for tandem domains and increase combinatorial
inhibition as we observed.
Based on the PDZ binding kinetics, PSD-95 complexes in the
PSD should not be stable, and interactions would be very short
lived. The PSDwould contain a heterogeneous, dynamicmixture
of free proteins and scaffold complexes. Scaffold complexes
might only infrequently contain all the components necessary
to transmit the entire signal. Thus, glutamatergic signaling might
not operate like a molecular machine. Rather, information might
be propagated through changes in the distribution of complexes
without the formation of any stable, high-affinity molecular
machines. Theoretical studies have suggested that loosely con-
nected ‘‘pleomorphic ensembles’’ (Mayer et al., 2009) can effec-
tively propagate signals and may facilitate plasticity within a
network (Suderman and Deeds, 2013).EXPERIMENTAL PROCEDURES
Protein Expression and Purification
Residues 1259–1428 of GluN2B and residues 720–843 of NL1were cloned into
pPROEX HTB (Invitrogen). Full-length PSD-95 and residues 1–130 from nNOS
were cloned into pet28a (Novagen). Using site directed mutagenesis, native
cysteines were mutated to serine, and unique cysteines were introduced at
surface-exposed positions. Proteins were expressed in the Rosetta strain of
E. coli (EMD Millipore). For surface immobilization, proteins containing the
Avitag biotinylation sequence were expressed in the AVB101 strain of E. coli
(Avidity). Purification of proteins was done using a combination of nickel affin-
ity, ion exchange, and size exclusion chromatography as previously described
(Choi et al., 2012; McCann et al., 2012).Structure 22, 1458–Single Molecule Microscopy
Proteins were labeled with maleimide derivatives of Alexa Fluor dyes in 25 mM
HEPES, 300 mM NaCl (pH 7.4) with 0.5 mM tris(2-carboxyethyl)phosphine.
Free dye was removed by desalting or dialysis. Labeling efficiency was deter-
mined by absorbance using the calculated extinction coefficients for the pro-
teins and the manufacturer’s extinction coefficients for the dyes. Labeling
efficiency was greater than 95%. Quartz microscope slides were coated
with biotinylated BSA. Because BSA binds phospholipids, we then exposed
the BSA surface to 50 nm egg phosphatidylcholine liposomes. Measurements
were taken in Tris-buffered saline (TBS) buffer (20 mM Tris, 150 mM NaCl
[pH 7.5]) supplemented with 0.5% w/v glucose. Oxygen scavengers (20 units
per ml glucose oxidase, 1,000 units per ml catalase) and triplet state
quenchers (100 mM cyclooctatetraene) were added to reduce photobleaching
and blinking of dye molecules. Data were collected with a prism-type total
internal reflection microscope. Images were recorded with an Andor iXon
EMCCD camera (Andor Technologies) at a frame rate of 10 Hz. Single-mole-
cule traces displaying binding events were hand selected based on exhibition
of single-step decays to baseline. Video data were analyzed with home written
scripts in MATLAB (Mathworks). Traces were analyzed with the QuB software
package (Qin and Li, 2004) using a two-state model. The first and last events in
each trace were excluded from analysis since the observed dwell time may be
truncated. The rate constants were taken from Gaussian fits to a logarithmic
plot of dwell-time histograms for the unbound time and an exponential fit of
the bound times.
Fluorescence Polarization Assay
GluN2B, NL1, and nNOS were singly labeled with tetramethylrhodamine-5-
maleimide (Sigma-Aldrich) as described above. Labeled proteins were diluted
with TBS buffer to 0.1 mMwith varying concentrations of unlabeled, full-length
PSD-95 or GluN2B. Samples were excited at 543 nm, and steady-state polar-
ization at 578 nm was measured using an ISS PC1 photon counting spectro-
fluorimeter (ISS).
Bead Halo Assay
Streptavidin agarose beads (EMD Chemicals) were incubated with 1 mM unla-
beled biotinylated GluN2B (1:10 v/v) and washed to remove unbound protein.
Beads were then resuspended in TBS and placed in multiwell imaging dishes
(MatTek). For the scaffolding assay, the concentration of labeled protein was
maintained at 100 nMwhile the concentration of unlabeled PSD-95was varied.
Images were collected using a Zeiss ConfoCor 2 LSM-510 Meta with a Plan-
Neofluar 253/0.8 Imm Corr DIC objective (Carl Zeiss). Samples were excited
at 543 nm and detected through a 560 nm long-pass filter. Beads were hand
selected, and the mean intensity within the halo was calculated using the
ImageJ software package.
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